Spectra of pure and isotopic mixed crystals of sym-triazine are presented which indicate that the 3455 A. triplet state is 3 E" (mr*). These same results confirm previous assignment of the state at 3330 A. as IE" (mr·).
INTRODUCTION
A considerable amount of work has been published within the past few years concerning the lower excited states of sym-triazine.
1
-a This growing interest is understandable in that sym-triazine is apparently an excellent molecule in which to study complexities which arise from orbital degeneracy in an electronic state. Our main interests center about a search to identify and characterize low lying excited states of this molecule through EPR, emission, and absorption studies. In the process of these investigations we have assembled an appreciable body of knowledge concerning the electronic absorption spectra of a variety of isotopically substituted sym-triazines. These data have important implications with regard to the nature of a few of these lower excited states. In forthcoming papers 4 we will discuss observed emission and EPR spectra.
In the process of this work, it was found that commerical sources of sym-triazine would not be adequate, in terms of chemical purity and isotopic composition, for our purposes. It was therefore decided to synthesize sym-triazine and its deuterated isotopes. Since this synthetic work is believed to be responsible for much of the success of our program, it is reported at some length in Sec. II. It is certain that observation of emission would not have been possible and EPR studies would be useless without high purity isotopic triazines. In Sec. III the results are presented. A detailed discussion of presently reported data and that of other workers is found in Sec. IV.
II. EXPERIMENTAL
The following synthetic scheme is reported completely so that those interested in working on high purity sym-triazine may be able to synthesize it. Section ILA is self-contained; it may be passed over by readers concerned only with spectroscopic data and results, without any loss in continuity or logic.
A. Synthesis of sym-Triazine
sym-Triazine used in this study was synthesized from HCN and HCI in accord with the initial method of Hinkel and Dunn,S with a few significant variations. The synthesis was carried out entirely in a grease-free high vacuum system. No solvent was used for the initial reaction of HCN and HCI. The product of this reaction was converted to sym-triazine through use of Linde Molecular Sieve rather than an organic base such as quinoline which has frequently been used in the past. 6 The goal in development of this procedure was to eliminate all possible sources of contamination in the final product which might either emit or quench emission in sym-triazine crystals. Synthesis of a pure sym-triazine sample of mixed isotopic composition is described here, since this synthesis is typical of the many we have done.
The desired isotopic composition for this sample was such that concentration of asymmetric isotopes h2d1 and h1d2 was as high as possible. This condition obtains when the proton/deuteron ratio is unity. Such a synthesis should produce sym-triazine in which the possible isotopes are in the ratio 1:3:3:1 (h a :h 2 d 1 : h1d2:da) ; the mnemonic used for this sample is 1331-sym-triazine.
HCN/DCN needed for this synthesis was prepared by the action of H 20/D20 on KCN and P 2 0 S in a high vacuum system. The H 2 0/D 2 0 was carefully purified by vacuum distillation, followed by reaction with KMn04 and BaO in a sealed tube at 100°C for 7 h, and subsequent vacuum distillations. In order to further insure isotopic as well as chemical purity, all P20 5 used was vacuum distilled under controlled temperature conditions (less than 210°C). These steps, as well as all others, were carried out in grease-free vacuum systems operating in the 10-7 mm Hg range. The only materials in contact with intermediates or product were Pyrex, brass, stainless steel, Kovar, and Teflon. After HCN/DCN was obtained from this reaction, it was dried for several hours in vacuo over 2 separate (1) , vacuum traps (B, C, and D); a breakseal tube for removal of excess HCl/DCI at H, and Vessels G, F, and E for introduction of HCl, HCN/DCN, and DCI, respectively. The valve at 2 is a 1 in. brass bellows valve. Vessels are provided with constrictions (3) to allow sealing off under vacuum. Manifold 2 consists of a vessel (A) for introduction of Product II followed by a set of three traps (B, C, D), the center one of which is filled with Linde SA Molecular Sieve. Vessel E is a quartz optical cell; Vessel F is for storage of the pure symtriazine.
aliquots of P 2 0 5 • Vacuum distilled from the P20 6, HCN/DCN was stored at 77°K until required.
Figure 1, Manifold 1 shows the system used in the next step of the synthesis. Vessel A is a SO cm 3 Nupro 316-stainless steel sample cylinder with a Nupro 4BK stainless steel bellows valve connected to the vacuum system with a Kovar-to-Pyrex seal. Vessel F contains 11 ml of the HCN/DCN mixture described above. Vessel E contains 13 ml HCI (Matheson, Electronic Grade) purified by vacuum distillation through several traps cooled to -130°C. Vessel G contains 13 ml of DCI (Merck, Sharp, and Dohme, 99%) purified in a similar manner. HCN/DCN is first distilled into Vessel A; Hel and DCI charges are then simultaneously distilled into the reaction cylinder' (held at 77°K) through Traps D, C, and B, each held at -130°C. The filled reaction cylinder is frozen in liquid nitrogen, degassed, the bellows valve sealed, and the reaction mixture is allowed to warm (from the top down) to -70, 0, and 20°C over a period of a few hours.
The reaction between HCN/DCN and HCljDCI occurs here at a pressure of 10-20 atm and is quite exothermic; it goes to completion quickly at room temperature, resulting in quantitative conversion of HCN/DCN into the so-called sesquichloride of hydrogen cyanide. 5 ,6 This white crystalline highly hydroscopic compound is depicted in Fig. 2(a) and it is referred to as Product I.
After 6 h at room temperature, Vessel A is cooled to 77°K and degassed; normally a small amount of H2/D2 is produced. Traps Band C are then cooled -40°C, Trap D is cooled to 77°K, an oil bath is placed around Vessel A, which is gradually heated, and the manifold is continuously pumped through the traps. Excess HCI/DCI, of course, comes off immediately and is trapped at D. Between room temperature and 160°C, roughly 60% of the HCI/DCI which actually reacted to form Product I is recovered in this trap. At 160°C a white material begins to collect in Trap B. This substance [Product II-see Fig. 2 (b) ] is a mixture of sym-triazine and HCI/DCl. Product II is a rather strange, poorly characterized chemical system that appears to have at least two forms. The temperature of Vessel A is slowly increased until Product II ceases to be evolved. The reaction vessel is then glass blown off the system. Trap B is warmed to 20°C, subliming The assumed structure of Product I, the sesquichloride of hydrogen cyanide. B: The assumed structure of the two forms of Product II. This material is believed to be a simple mixture of sym-triazine with HCl, dissociated in the gas phase. When condensed, Product II has two forms. Form I is a metastable substance of vapor pressure roughly equal to that of pure sym-triazine. Form II is the stable, involatile salt. This salt decomposes at 160°C into sym-triazine+ HCI along with small amounts of H 2 , HeN, and other uncharacterized products.
Product II into C where it is trapped at -40°C; this trap is then immersed in liquid nitrogen and sealed off on both sides under vacuum. Product II must be stored under liquid nitrogen until needed for subsequent steps in the synthesis. The over-all yield of Product II from Product I is normally 90%-95%. Figure 1 , Manifold 2, shows the vacuum system used to remove HCl/DCI from Product II. This step yields pure sym-triazine. Vessel A contains Product II from Manifold 1. Vessel C is a trap which contains ......,0.6 liter of SA Molecular Sieve (i-in. pellets). The adsorbent had been previously regenerated and degassed by pumping to 1 X 10-6 mm Hg in a vacuum system for 2 days at 300°C. Workup of Product II is straightforward. Vessel D is cooled to -90°C and Vessel A is brought to room temperature while the system is pumped. Product II sublimes easily through Trap C and sym-triazine immediately collects in Vessel D. After all Product II has passed into the adsorbent bed, Vessel A is sealed off and sym-triazine which has been collected in Vessel D is sublimed up to Quartz Cell E for immediate spectroscopic investigation, and to Vessel F for storage.
Yield of sym-triazine is only about 60% over-all for this synthesis. Reduced yield is due almost entirely to sym-triazine adsorbed on the surface of Molecular Sieve in Vessel C. Most of this can be recovered by heating the adsorbent to 200°C. The HCl/DCI is irreversibly adsorbed, however. We have chosen not to recover this adsorbed sym-triazine since we are at this stage more concerned with purity than yield.
B. Purification of sym-Triazine
Many methods have been tried, with varying degrees of success, to purify sym-triazine. Use of MoLecular Sieve as described above appears to be best. All symtriazine samples used in work reported herein were purified in this fashion before their spectra were recorded.
C. Purification of Trioxane
Trioxane is one of the few molecular organic crystals which is uniaxial at low temperature 7 and transparent in the ultraviolet to 2100 A. Because trioxane polymerizes to polyoxymethylene in the presence of trace amounts of formaldehyde~8 it has not been often used as a host for chemical mixed crystal systems.
The problem of polyoxymethylene formation may be temporarily alleviated by fusing trioxane in a sealed, evacuated breakseal tube with "-'1 g of LiAIH 4 .9 The mixture is kept at roughly 90°C until trioxane is needed as a mixed crystal host. It is then distilled from the breakseal tube and for a while this trioxane will behave in a vacuum system like any standard material. Thus treated, large (10 cm) single crystals of glasslike quality may be melt or vapor grown. Normally there is sufficient time to load trioxane into a Bridgemen tube, seal it off the vacuum system, and grow a single crystal from the melt before any polyoxymethylene forms: Depolymerization of trioxane is catalyzed by acidic compounds,8 thus presence of sym-triazine in these mixed crystals is undoubtedly a stabilizing . influence.
It has been possible to prepare high optical quality mixed crystals ·of 2% sym-triazine in trioxane. Mixed crystals of glasslike appearance have been grown up to 10 cm in length, over a period of almost a week, and yet no observable polyoxymethylene was formed .
D. Spectroscopic Apparatus and Techniques
All spectra were taken on a McPherson 2 m, J/17, Czerny-Turner spectrograph. Typically, this instrument was used in second order at a dispersion of 1.8 A/mm. Most spectra were recorded on Kodak 103 a-O plates, although a few experiments required the higher sensitivity attainable with a photon counting apparatus recently assembled in this laboratory. 4 Crystals from which spectra were obtained were prepared by both vapor and melt growth techniques. Most synthesis-prepared samples (Sec. II.A) were grown directly into quartz optical cells and were, therefore, never exposed to air during the entire course of these experiments. No attempt was made to orient such crystals; observed intensity ratios are therefore somewhat modulated by uncertainty as to the angle between crystal optic axes and light propagation direction. In thin crystals (::;0.5 mm) many crystal orientations were present in the cross section perpendicular to the direction of light propagation. Longer crystals were, however, quite definitely single; in these cases, optic axis orientation is indicated to the extent that it is known.
All frequency measurements are vacuum corrected and are accurate to within 0.5 cm-I for sharp lines.
Our results concur with those of earlier workersl,2 in that the phase transition to a monoclinic, optically biaxial, triply twinned form at r::; -60°C 10 does not affect optical quality of sym-triazine crystals, It is possible to cool repeatedly single crystals up to 3.3 em in length to 4.2°K without formation of any cracks. Trioxane crystals behave similarly.
III. RESULTS
A. Spectra of ha-and da-sym-Triazine Crystals Figure 3 presents the absorption spectrum of 1 and 0.1 mm crystals of ha-sym-triazine, as synthesized by techniques outlil'led in Sec. II.A. These spectra are identical to those of equivalent crystals prepared from various commerical sources of sym-triazine. For convenience in ensuing discussions, different regions of this spectrum will be labeled as indicated in the figure. Figure 4 presents the absorption spectrum of a 2.5 mm crystal of the same ha-sym-triazine at longer wave- origin (Region I) is much like that found in 2,6-dimethyl pyrazine ll and may well be due to interaction with a second, probably unobserved, electronic state. Fine structure about the main absorption in Region I was further explored using a photon counting apparatus. A typical output histogram presentation is given in Fig. 6(a) . The weak absorption features to high and low energy of the main peak at 3455.02 A are believed due to laCl2C 2 N a Ha and laNC a l4N 2 Ha in natural abundance. Reasonably sharp structure between 20 and 120 cm-l from Region I is quite similar to that found in Region II and is very possibly attributable to phonon addition to the origin at 3455.02 A. No absorption whatsoever in sym-triazine has been observed at higher wavelength than Region I. Virtually identical structure is found associated with Region II spectra and can be attributed to similar causes. Here Region II absorption of all hydrogen-deuterium isotopic species of sym-triazine is clearly resolved. Region II absorption is split by 25 cm-l for both C2V isotopes.
B. Spectra of 1331-sym-Triazine Crystals
The 1331-sym-triazine samples were synthesized in order to study spectra of the C 2V isotopes more completely. Figure 10 shows absorptions in Regions II, III, IIA of a 0.5 mm crystal of 1331-sym-triazine. Absorption in Region II confirms earlier observations in da-sym-triazine host crystals. Relative integrated intensities of features due to the various isotopes is very roughly in the ratio of 1:3:3:1, thereby confirming that there are three equivalent hydrogen positions on the molecule responsible for this absorption. More will be said about this intensity pattern in Sees. IV. A and IV.I.
Absorption in Region III due to C2v isotopic species does not appear to be split. Absorptions at higher energy than Region III are too broad and/or complex for simple interpretation. Note that all absorption widths in the 1331 crystal have markedly increased. Figure 11 shows the absorption in Region I of a 5 mm crystal of 1331-sym-triazine. Clearly, the same phenomenon responsible for the splitting pattern in Region II has also produced a splitting of ~dl-sym- I • A further point to mention concerning this sample, and the sym-triazine system in general, is that, to within the 1331 crystal linewidths, both pure and mixed crystal ha(da)-sym-triazine absorptions coincide in both Regions I and II (see Fig. 12 ). This experimental finding has important ramifications for intermolecular interactions in the sym-triazine system and will be discussed in more detail later (Secs. IV.E and IV.H).
C. Trioxane Chemical Mixed Crystal Spectra
The absorption due to approximately 2% ha-symtriazine in 5 and 1 cm single crystals of trioxane is given in Fig. 13 . Region II absorption in pure symtriazine crystals has been blue shifted 518.6 cm-I , but its intensity and linewidth have been altered only slightly. Sharp features in Region IIA have moved closer to Region II and broadened somewhat. In general, the ha-sym-triazine spectrum has not altered much except for Region III in which profound changes have occurred as a result of changing crystalline environment. It is not at all clear how one can make a detailed correlation of features between trioxane and symtriazine crystal spectra in this region. Figure 14 presents the resultant spectra in Regions II, III, and IIA for 1/2% da-sym-triazine in 2.8 and 6.0 cm crystals of trioxane. Again the out-of-plane vibrations, particularly in Region III, are most perturbed by the trioxane crystal field.
A mixed crystal of 1331-sym-triazine was prepared in order to determine the effect of the trioxane crystal site on Region II absorption of C2V isotopic species. Figure 15 compares results of this experiment with the splitting pattern observed earlier in pure 1331-sym-triazine crystals. It is not possible to give a detailed interpretation of 1331-sym-triazine/ trioxane sample absorption in Region II due to overlap with Region III and the high probability of pair spectra in such a heavily doped sample. The sharp absorption 12.8 cm-
1 to the red of the main Region II line in a 2% ha-sym-triazine/trioxane crystal ( Fig. 13 ) may well be attributable to "resonance pair" spectra.
At the present time trioxane is the only chemical mixed crystal host known for sym-triazine. Owing to the forbidden nature of the lowest excited states of sym-triazine, extremely long (about 2-5 cm) mixed crystals of high concentrations are needed. Hosts must be, therefore, extraordinarily pure and capable of incorporating large amounts of sym-triazine into Table 1 . for the ka, Jt.til, kld 2 , and ds species, respectively. Exact energies for the Region II transitions are listed in Table 1. their crystal lattices. Benzene, durene, borazine, cyanuric chloride, and methyl cyclohexane have been tried as host crystals with no success. sym-Triazine appears to have great difficulty in forming mixed crystals with hydrocarbon hosts. Table I contains all numerical data for Regions I and II discussed above and in the following section.
IV. DISCUSSION
These spectral results clearly show that absorption in Regions I and II are due to electronic transitions of the same molecule. Splitting patterns for various isotopic species are much too similar to be ascribed to b This result is for a sample of CaNaHa which contained "'10% CaNaDa. The Region II absorption lines for both of these species identical in ha-sym-triazine samples made by two entirely different synthetic routes,12 and both absorptions are unaffected by any sample purification or manipulation technique. These facts constitute a proof that the observed absorptions must be due to symtriazine.
A. C2v Isotopes-Region I and Region II Spectra
DOUbling of observed features in Regions I and II for d 2 h 1 -and d 1 h 2 -sym-triazine isotopic species (see Table I and Figs. 8-11, 15 ) under conditions for which da-and ha-sym-triazine (Table I single, can be explained only in the following three ways:
1. The splitting may be due to a difference in gasto-crystal shift ~ for two inequivalent orientations of C 2v molecules in a site of effective symmetry lower than Ca.
2. The splitting may be due to removal of a vibrational degeneracy in these isotopes. Regions I and II absorption features then correspond to electronic transitions wherein an e' or e" vibrational mode is excited in the upper state.
3. The splitting may be due to removal of an elec-tronic (or vibronic) degeneracy in these isotopes.
This possibility will be termed the zero point effect in the sections that follow.
Results from trioxane mixed crystals confirm conclusions reached by Fischer and Small 2 recently that the lowest observed gas phase electronic transition corresponds to sym-triazine Region II crystal absorption. Their hot band assignments rule out the possibility that Region II absorption is a false origin, rendering explanation 2 (above) highly unlikely.
Of the remaining two explanations, only possibility 1 is a crystal effect. The definitive experiment would be, therefore, gas phase absorption of Regions I and II. Unfortunately, Region II absorption in the vapor is obscured by hot bands 2 ; observation of Region I absorption, while possible in principle, would require prohibitively long path lengths and would probably be obscured by Region II hot band structure.
2 In lieu of such an experiment, the following plausibility arguments can be assembled to distinguish between explanations 1 and 3 above:
(a) All evidence collected thus far for sym-triazine indicates that deviation from threefold symmetry in the crystal is extremely small. Orientational effects 13a are therefore expected to be much smaller than those found in other, less symmetrical crystals such as benzene.13 A 25 to 30 cm-1 orientational effect for hydrogen-deuterium substitution would easily be the largest such effect yet observed in an organic molecular crystal. An orientational effect of this magnitude is certainly not expected in sym-triazine crystals. (b) In all cases for which an orientational effect has been observed in organic molecular crystals it has been accompanied by a similar splitting of vibrational degeneracies (site group splitting).13 However, no such splitting has been observed in any crystal absorption of ha or da species. In this connection it should be remembered that while sym-triazine is known to undergo a phase transition at T::;-60°C,lO trioxane is known to retain its threefold crystal axis at least down to -170°C.7 It is therefore expected that spectra of ha-sym-triazine in trioxane are more representative of a true threefold symmetric environment. Similarity of spectra in the two crystals is a good indication that no "site splitting" has occurred.
(c) Absorption features in Region II for h3 and d a isotopic species do not split; nonetheless, as stated earlier, this transition is known to involve a doubly degenerate excited state. A crystal field asymmetry (i.e., site of lower than C a symmetry) of substantial size will split this degeneracy. Furthermore, since this site splitting 6.vD would exist only in excited states, the totality of the effect would be evidenced directly in the optical transition. Since orientational effects in h2dl and h l d 2 isotopes are present in both ground and excited states, the magnitude of the resultant orientational splitting 6.VOE in optical transitions will be substantially reduced. It is therefore quite reasonable to assume that 6.vOE < 6.vD. Figures 6-8 and 13 among others show 6.vD much less than 2 cml ; it is quite implausible that 6.vOE could be as high as 2S em-I.
(d) Nearly complete superimposability of 1331 splitting patterns of Region I and Region II argues against this splitting being controlled by orientational effects, which are essentially differences in gas-tocrystal shifts .1. On the other hand, isotope effects seem to be constant for both singlets and triplets.
13
Pyrazine is a good example of this observation l4 ; for both singlet and triplet transitions (E d4 -E do ) = 155 cm-I , while .1 T = -556.2 cm-I and .18= -951.5 cm-I .
Zeeman effect results l clearly indicate that Region I is a triplet state, while Region II is just as clearly an orbitally degenerate singlet state.
For these reasons we will proceed to assign spectra of syn-triazine on the basis that splitting of h 2 d1 and h 1 d 2 isotopic species in Region II and Region I is a consequence of the zero point effect (3); that is, both absorption features involve transitions to orbitally degenerate excited states.
B. Assignment of Region I and Region II
Region I: Zeeman results on this transition indicate that the excited state is a triplet. The zero point effect splitting of C 2 , isotopic species indicates that the state is an orbitally degenerate 3E'(7r7r*) or 3E"(n7r*) state. Since IE' is believed to be some 2 X 10 4 cm-I higher in energy than IE",15 it is assumed that such a low lying 3E state would be 3E" (n7r*). Both sharp and broad emission from sym-triazine isotopic mixed crystals commencing at about 225 cm-I red of Region I have been observed. This relatively intense emission must be assigned as either originating from a lower lying triplet state of sym-triazine or an impurity.4 Furthermore, the sharp initial Region I feature is virtually identical in all respects (Le., isotope effectsee Secs. IV.A, IV.C, and IV.G; vibronic structure and phonon additions-see Figs. 3 Region II: The excited state terminus of this transition is an orbitally degenerate singlet state and since it is also a forbidden band, it is assigned as the IE" (n7r*)f-IAI' origin.
C. Nature of the Zero Point Effect
It is well known that, as a result of vibronic coupling, all electronic orbital degeneracies in polyatomic molecules are in principle converted into vibronic degeneracies. 16 The E" (n7r*) states assigned in Sec.
IV.B. for h 3 -and d 3 -sym-triazine should present excellent examples of such vibronic coupling effects. An isotopic substitution which changes vibrational (nuclear) symmetry to C 2 , will remove the original molecular vibronic degeneracy. The larger this vibronic coupling is for a particular vibronic state, the larger will be the splitting of that state upon asymmetric isotopic substitution.
If the above were the only source of splitting for C 2v isotopic species of sym-triazine, such observed splitting would constitute an exceptionally clear measure of the strength of vibronic coupling in a polyatomic molecule. It is, unfortunately, not the only source of such splitting; to dynamic vibronic effects must be added a set of static perturbations which, although perhaps small, cannot be neglected. The first of these static effects is a consequence of the fact that even at the equilibrium, "clamped nuclei" configuration, molecular symmetry is now C2v for isotopically substituted molecules. However, contributions to the splitting from this effect are most likely vanishingly small. The main (static) effect arises with deviations from threefold symmetry in clamped nuclear configurations other than that at equilibrium. Since a change in effective mass of even a harmonic vibration is also reflected in a change of amplitude, distortion of the molecule from threefold symmetry becomes more pronounced as distance from equilibrium increases. The effect is obviously present in all vibrations, regardless of symmetry, and results in the splitting of degenerate electronic states in the asymmetric field of molecular vibrations.
The zero point effect thus comprises two parts: a static effect wherein electronic motion is dependent only upon instantaneous nuclear positions and a dynamic effect wherein linear and quadratic vibronic coupling terms exist which invalidate the normal (Born-Oppenheimer) separability of nuclear and electronic motions. Both types of effects will be quite a bit more sensitive to isotopic substitution within the molecular ring than to substitution at hydrogen positions.
D. Zeeman and Stark Effects17
Zeeman and Stark effect experiments on Region II of hs-sym-triazine l are consistent with 1331-symtriazine Region II spectra obtained in the present investigation. The lE// excited state assignment is thus confirmed by these results. It should be noted that a Stark effect experiment in Region II on a 1331 sample can potentially distinguish between site and zero point effect causes. If all lines are observed to split in a Stark field, no information is obtained; this result would be expected if either orientational or zero point effects produced observed splittings of C2v isotopes. However, if only h s -and ds-sym-triazine lines were to split and not those of the C2v species, then this would positively identify the zero point effect (that is, the orbital degeneracy has been removed in the molecule) .
Results of Hochstrasser, Lin, and Zewail la on the Zeeman effect in Region I indicate that the T.(~' in DSh ) spin component is predominantly active in coupling this triplet state to the singlet manifold. Their polarization results at zero magnetic field give at least 85% of the total transition intensity as out of plane (z axis) .18 This previous study concluded that Region I absorption must be to the sA 1// (mr*) excited electronic triplet state. It was argued that only for this state is it possible to mix in IA 2 // (mr*) or z character via a Tz spin component if only direct matrix elements of the form (IA2// [Xso [3Al//(Tz) are considered. Such a conclusion is rather surprising for two reasons: 3Al//(mr*) is not predicted to lie lowest l9 and an mr*-to-mr*-state spin-orbit coupling route was found to predominate when an mr*-to-1I'1I'* route, (IE' [ Xso [ 3AI// (T"" Ty) ), was also available. 20 Our experiments show, however, that absorption in Region I is due to the transition sE//(n1l'*)~IAl" We are then immediately confronted with the problem of explaining the Zeeman results in the light of this assignment. Unfortunately, the present level of under-' standing of orbitally degenerate triplet states is quite inadequate. 21 In fact, if our assignment is correct, sym-triazine is the first nonlinear, polyatomic molecule for which Zeeman results in an orbitally degenerate triplet state are known. Outlined below is one possible explanation of observed Zeeman patterns compatible with the 3E//(n1l'*)~IAI// assignment of Region 1. It is to be emphasized only that the previous explanation of these findings is not unique.
In an isolated molecule, assuming DSh symmetry and no complications from vibrations, the only spinorbit coupling route which mixes allowed character into the 3E//~IAl// transition can be expressed by the matrix element (IE' [Xso [SE"(T"" Ty). Such a spin-orbit coupling route would be completely at variance with reported z polarization of Region I absorption, however.22 Since, for reasons previously
A,
FIG. 17. Spin-orbit coupling routes for sym-triazine in a Ds site. The last column indicates the singlet state which brings dipole allowed (E1) character into the triplet state 0-0 transition. Polarization of this transition is indicated in parentheses after the state. stated, Region I has been assigned to the 0-0 transition of 3E"~lAl,' otherwise available spin-orbitvibronic routes cannot be invoked to eliminate this discrepancy.
The situation is different, however, in the crystal. In both sym-trioxane and sym-triazine crystals, site symmetry is reduced to Ds. (A correlation diagram for the various relevent symmetry groups can be found in Fig. 16 .) Intensity of the lE"+-lA I ' O-{) transition is essentially unaffected by the two different crystal fields. Therefore, it is the crystal site, not resonance or factor group interactions, that is responsible for bringing intensity into the (D Sh ) forbidden origin. The substantial perturbation which crystal field interactions appear to have on out-of-plane vibrations may be another significant manifestation of this same effect (see Sec. IV.F and Ref.
2). Figure 17 shows symmetry allowed spin-orbit coupling routes for site perturbed (Ds) sym-triazine. The s E" (n1l'*) molecular state has, under this perturbation, become sE. Two specific features of this symmetry reduction are of particular concern to this line of reasoning. First, SE"(n1l'*) and 3E'(1I'1I'*) states are mixed by the Ds crystal site interactions. That these interactions are indeed substantial is evidenced by the large gas-to-crystal shift (.:l"-'-850 em-I) for IEI/(n1l'*)~IAI'. Second, in addition to coupling to the IE'(1I'1I'*) state which was allowed for a DSh free molecule, crystal site interactions have made available other routes. One such route is characterized by the matrix element (IA 2 (z) [ X.o [SE(T"" Ty). This route will now bring z-polarized intensity into the zero field levels. Assume for the moment that such a mechanism explains the zero magnetic field polarization results.IS TABLE II. Gas-to-erystal shift data ~ for lE" of sym-triazine in em-i. The gas phase values are 30870 and 30989 em-l for ha-and da-sym-triazine, respectively.- At values of external magnetic field such that X.<Xso, a field directed parallel to the crystal c axis will effectively not mix the A2 spin-orbit (allowed) state with any of the others. The resulting optically observed Zeeman pattern will be a strong center line with weak wing lines. The wing intensity could arise from other spin-orbit mechanisms, such as (IE' I Xso 1 3 E"(Tx, Ty) ),22 from crystal field effects which lower site symmetry to perhaps Cs, and magnetic field state mixing. The pattern for external magnetic field perpendicular to the crystal c axis (in the molecular plane) will be a pair of strong wing lines and weak center one. This is exactly what is observed with unpolarized light at 30 kG.I However, when X.»Xso Zeeman splitting patterns will change and will no longer be in agreement with observed results in as much as the spin-orbit coupling mechanism invoked here involves in-plane (Til', Ty) spin components.
The above arguments are valid only if the A2 multiplet state is split away from the Al state by roughly 5-10 cm-I at zero field. Furthermore, the Estate which derives from the (Til', Ty) spin states must be no more than ",0.1 cml from A 2 • Such a zero field splitting pattern may be caused by diagonal and offdiagonal spin-orbit coupling within the triplet manifold. Emission results 4 and pronounced broadening of the absorption blue of Region I indicate that the 3AI'Cll'1I'*) state may be less than 250 cml from the 3E" origin. Strong spin-orbit coupling ("'30-50 cm-I ) could take plane between A 2'(E"Xe")mr* and A2'(AI'Xa2')1I'1I'* sublevels of these two electronic states. The near degeneracy of the A2 and E levels at zero field as measured by the published Zeeman results is not necessarily related, therefore, to the value of D, the noncubic (spin-spin) splitting parameter. Reported presence of a linear Stark Effect l7 is easy to explain in this scheme if the most intense "allowed" spin-orbit substate is the A2 multiplet component, which is virtually degenerate with the E component.
At present levels of understanding of spin-orbit coupling in degenerate states and Stark and Zeeman effects on such states, it appears necessary to invoke considerable strength of spin-orbit coupling to explain field dependent experiments. Such strength may in fact be present in molecules of this type. 23 All of the foregoing discussion neglects linear and quadratic vibronic coupling which could be critically important for this degenerate state. Certainly there is much to be learned by a careful study of the interplay between the various and as yet poorly understood, phenomena possible for a 3E state. We are in the initial stages of such a study at present. E. Gas-to-Crystal Shift Data presented in Table II indicate that gas-tocrystal shifts for sym-triazines in isotopic mixed crystals of sym-triazine is independent of isotopic composition of guest molecules, but shows a uniform dependence upon isotopic composition of the host. In fact, in 1331 absorption studies, absorption linewidth has increased such that it represents a distribution of sites from a local environment of purely h3 nearest neighbors to purely d 3 nearest neighbors. Figure  12 illustrates this point. Line broadening is also present in the 1331 sample for the 3E"~IAI' transition; its magnitUde is apparently independent of whether the final state is a singlet or a triplet.
The IBsu origin of pyrazine in sym-triazine mixed crystals has also been observed; it appears at 29 917.0 (±0.5) cm-l in hs-sym-triazine and 29925.4(±0.5) cm-I in a d 3 -sym-triazine host crystal. The energy of this transition has increased 8.4 cml in the deuterated host, almost exactly paralleling observed changes in ~ for sym-triazine guest molecules in these hosts.
Similar dependences of guest molecule transition energy upon isotopic composition of host crystals have been noted by several other workers. 24 In particular, benzene has been studied quite carefully in this regard. sym-Triazine is a much more straightforward case since complications of factor group splitting and quasiresonance interactions are apparently negligible. Observations on sym-triazine bear a resemblance (perhaps superficial) to site interactions reported for pyrazine. 25 It is quite reasonable that the explanation of a deuterium isotope effect on ~ for pyrazine is similar to that in sym-triazine. The 10 em-I difference between the gas-to-crystal shift for guest molecules in hs-sym-triazine (~H) and the gas-to-crystal shift for guest molecules in ds-sym-triazine (~D) is thus ascribable to a change in lattice zero point energy and its coupling to guest molecules. Work is currently under way in our laboratory on this problem and its concomitant implications for lattice-molecule coupling interaction strengths.
F. Region III
Absorption spectra of a 0.5 mm crystal of 1331-symtriazine, presented in Fig. 10 , show that Region III absorption does not appear to split for C2• isotopic species. At first sight this would appear to be evidence that Region III is the origin of another (nondegenerate) electronic state. Severe difficulties arise, however, with this assignment. The absorption has been reported to be "mostly in-plane polarized"; less polarized, however, than the 0-0 band, Region II.26B There are no nondegenerate states (mr* or 11"11"*) of sym-triazine which possess in-plane, crystal induced, E1 (electric dipole) intensity in their 0--0 transitions. Conceivably then, this is a false origin of another state, or a particularly strong triplet transition. However, the energy gap between Regions II and IIA is identical to within experimen tal uncertainty ('""± 1 cm-1 ) , to that between Region III and a similar feature, Region IlIA (see Fig. 3 ). The former separation was assigned by Fischer and Small 2 to the excited state out-of-plane (parallel) V4 (a;z" , 737 em-I in the ground state).26b It is thus possible to assign Region III as a transition to a vibration of the IE" excited electronic state. The most likely choice for this vibronic origin would be the out-of-plane mode V1G (e", 340 cm-1 in the ground state). Such an assignment is compatible with known in-plane polarization and appearance of an Or}." combination band at Region IIIA.27 Due to vibronic coupling, three absorptions may overlap in this region
The strong, reasonably sharp feature commencing Region III may correspond to one of the nondegenerate vibronic states; thereby explaining lack of splitting of this peak for C2• species.
When comparing spectra of ha-sym-triazine in trioxane with those of ha-sym-triazine crystals, it is clear that the concomitant change in crystal field has had a substantial effect on those vibrations which have been assigned 2 as out-of-plane modes (V4, V8, VI0, a?d V~6), whereas little change is seen for in-plane VIbratIOns. Crystal field effects are, in particular, quite severe for Region III absorption. The recent paper by Jesson, Krote, and Ramsey28 concerning possible "quasi-planarity" in the first excited singlet state ?f pyridine suggests an interesting parallel for sym-tnazme. There are strong parallels between vibronic structure in aE"_lA l ' and IE"_ I A l ' (Regions I and II respectively). However, vibrational structure in these transitions is exceedingly complex and at the present time there are insufficient data to warrant any more than this quite tentative assignment of observed features.
G. laC/15N Splitting in the sE" and IE" States Figure 6 (a) shows an expanded trace of fine structure around the SE"_lA l ' origin in a 3.3 cm sym-triazine crystal and Table I contains a listing of these data. Similar structure is found around the IE" (n1l"*)-lA l ' absorption origin [ Fig. 6(b) and Table I ] in a 1.5 mm thick crystal. For this molecule, isotopic natural abundances yield 3.2% l3CC2NaHs and 1.1% 15NCaN2Ha. In absence of spectra of selectively isotopically enriched samples, of course, it can only be assumed that the observed structure is due to the above isotopes of sym-triazine. The third peak to the red of 12Ca14NaHa absorption is good indication of a sizeable (of the order of 10 em-I) zero point effect for one or both of these C 2 • isotopes. Since only three and not four lines are observed, assignment of features to specific isotopes is not possible. Intensity considerations alone can be misleading due to poor resolution, accidental coincidences of isotopic lines, and C 2 • selection rules for El transition moment character. Moreover, 13CjlflN isotopic. lines can selectively gain relative intensity from interactions with narrow but finite exciton bands. The situation can be further complicated by possible accidental coincidence with host-guest perturbed features in heavily doped (greater than 2%) mixed crystals [see Ref. 25 and Fig. 6(b) ].
Orientational effects of magnitude greater than 1.0 cm-1 are not expected for 13C_ or loN-substituted aromatic rings since such small relative changes in molecular vibrations are involved and ring atoms are less directlyinvolved in intermolecular interactions than hydrogen atoms. In fact, to our knowledge, no orientational effects have yet been reported for ring-substituted isotopic species. However, as was pointed out in Sec. IV.C, a substantial zero point effect is expected to accompany isotopic substitution on the ring. A 10 cm-1 splitting for 15N and 13C C 2v isotopes is therefore an excellent indication that it is the zero point effect, and not orientational effects, which is responsible for observed splitting of reduced symmetry isotopes of sym-triazine.
Future plans for this work include synthesis of highly enriched 13C-and IflN-sym-triazine samples for spectroscopic investigation.
H. Resonance Interactions, Gas-to-Crystal Shifts, and Intermolecular Interactions . There are four observations made in this investigatlon that bear on types of interactions that take place in a sym-triazine crystal (see Tables I and II) : 1. ~ is large ('"'-'-850 cm-1 ) for the IE"(mr*)_lA 1 ' transition.
2. ~ appears to be a function of isotopic composition of host crystal system only, (~D-~H)~lO cm-1 and (~D-~13;11)~(~1331-~H)~5 cm-1 . One concludes from these facts that dispersion forces (van der Waals interactions) responsible for ~ are large and that exchange interactions, both translationally equivalent and interchange equivalent, are probably not greater than 1 cm-I • 30 In other words, the aE" and IE" states of sym-triazine have less than 1 cml exciton bandwidths. Moreover, it appears that molecular electronic levels couple to lattice modes in such a way as to cause a change in ~ dependent on the isotopic composition of host crystal only. This energy difference may well be associated with a lattice zero point motion; either this motion or its coupling to guest molecules must change upon guest excitation.
Linewidths and Intensities in Pure and
Mixed Crystals
In crystals of high optical quality, linewidths for both Region I and Region II are comparable. Region I (3E"+-IA I ') linewidths were generally less than 1.0 cm-l in all crystals of all orientations. However, Region II (1E"+-IA 1 ') yielded linewidths that varied between 1 and 4 cm-l with no apparent correlation between linewidth and purity, crystal quality, or strains. It is believed possible that this observed dramatic linewidth variability is primarily due to polarization effects. Sharpest spectra were seen in unpolarized light for a crystal most likely oriented with the c axis parallel to the direction of light propagation. Clearly this phenomenon deserves more extensive study.
The observed intensity pattern for Regions I and II in 1331-sym-triazine is roughly 1:1.5:1:1.5:1 (for an unresolved center line). Under C2V distortion E"~A2+ B 2 (z) and the A2 state is El forbidden. One naively expects only one line to be strong in the C2• spectrum. The fact that both components are observed to have nearly equal intensity is, therefore, highly interesting. Apparently crystal field (site) or JahnTeller perturbations (the "dynamic" part of the zero point effect) have had a rather substantial effect on optical intensitie!'.
V. CONCLUSION
A number of positive conclusions concerning symtriazine and its mixed and pure crystals can be reached based on work presented in this paper. These main points are listed below. 5. There is apparently a sizeable molecule-lattice mode zero point coupling which could be responsible for (~H-~D)rvlO cm-l . It is believed that deuterium substitution of the host causes a change in zero point energy or motion of the lattice which in turn affects the transition energy of both identified electronic transitions. 6. Both translation ally equivalent and translationally inequivalent exciton interactions are small (::; 1.0 cm-I ) in sym-triazine crystals. The most striking evidence for this is found in spectra of 1331-sym-triazine crystals as compared to pure and isotopic dilute mixed crystal spectra of h 3 -and d 3 -sym-triazine (Table I) 7.Unlike exciton interactions, "crystal field" (site) dispersion or van der Waals terms are substantial (~~-850 cm-1 for lE"+-IA I ').
8. Further evidence for large site effects can be found by comparing chemical mixed crystals (trioxane) with isotopic mixed or pure crystals. Out-of-plane (large amplitude) vibrations are most affected and Region III, tentatively assigned as (0-{)+1'16') of IE"+-IA I ', typifies this large crystal site perturbation.
9.The only vibrational assignment made in this work is for Region III and even this must be considered only somewhat more reasonable, at the present time, than other possibilities. Region III has been assigned as IE" (n11'*)+-IAI' (0-0+1 '16' Stark data of Ref. 17 , it has been determined that both C 2v and D3h isotopes show identical Stark splittings in a sym-triazine host crystal. Although tentative assignment of these regions as 3E"_'A,' and 'E1"-'A1' is still favored, the situation is clearly more complex than previously assumed. Absence of a proof that the Region II absorption is to a degenerate state allows for other interpretations of these spectra not brought out in this paper. Experiments are currently underway to resolve apparent conflicts between Stark, Zeeman, StarkZeeman, and absorption data on the various isotopes.
